In this paper, we investigate the performance of three-dimensional (3D) hydraulic modeling when dealing with river sinuosity and meander bends. In river bends, the flow is dominated by a secondary current, which has a key role on the flow redistribution. The secondary flow induces transverse components of the bed shear stress and increases the velocity in outward direction, thus generating local erosion and riverbed modifications. When in river bends, the 3D processes prevail, and a 3D computational fluid dynamics (CFD) model is required to correctly predict the flow structure. An accurate description of the different hydrodynamic processes in mildly and sharply curved bends find a relevant application in meanders migration modeling. The mechanisms that drive the velocity redistribution in meandering channels depend on the river's roughness, the flow depth (H), the radius curvature (R), the width (B) and the bathymetric variations. Here, the hydro-geomorphic characterization of sharp and mild meanders is performed by means of the ratios R/B, B/H, and R/H, and of the sinuosity index. As a case study, we selected the Malpasset dam break on the Reyran River Valley (FR), as it is perfectly suited for investigating performances and issues of a 3D model in simulating the inundation dynamics in a river channel with a varying curvature radius.
Introduction
The detailed study of hydraulic processes in sharply-curved bends is of practical relevance [1] as the water flow and sediment transport generate local erosion resulting in bed changing and impacting infrastructures. Moreover, the morphological variations of cross-sections have a relevant role in supporting flood propagation and inundation modeling [2] [3] [4] .
The flow field in river bends is highly three-dimensional [5, 6] , being characterized by secondary flows that cause high bank shear stress and erosion of the outer part of the bend. Indeed, cut-off events, representing the driving mechanism of long-term and large-scale meander morphologic dynamics, typically occur in sharply-curved bends [7] . Meandering rivers represent fluvial geometric settings where three-dimensional (3D) models have a high performance because of the complex characterization of the flow [5] .
This paper deals with the investigation of the hydraulic processes governing the velocity redistribution and water surface elevation in sharply-curved open-channel bends by means of a detailed 3D numerical simulation. The selected case study is the Malpasset dam break [8] characterized by a significant amount of field and laboratory data [9] [10] [11] . Many authors dealt with the issue of modeling the propagation of the flood waves caused by the failure of dams [12, 13] to define the event that led to the dam breaching [14] and the effects of the flood downstream [15] . The propagation of the flood wave generated by the Malpasset dam break have already been studied through one-and two-dimensional models [9, [16] [17] [18] . In this paper, the breaching of the Malpasset dam is used to numerically investigate the flood wave propagation in a bending channel using a 3D model. Since the mechanisms that drive the velocity redistribution in meandering channels depend on the river's roughness, on the flow depth (H), radius curvature (R), width (B) and bathymetric variations, the hydro-geomorphic characterization of the meanders is performed by means of the ratios R/B, B/H, and R/H and of the sinuosity index (SI). In the following, a brief overview on computational fluid dynamics (CFD) models and on the geomorphological representation of river channel is provided.
Computational Fluid Dynamics Models in the Framework of Curved Channels
The increasing computational power and efficiency together with the higher availability and resolution of remotely sensed topographic and land use data are paving the way for the use of complex and detailed numerical models to simulate fluvial hydraulic processes. In recent years, hydraulic modeling applications have passed from coarse scale (10-100 m) one-dimensional models to 3D flexible mesh hydrodynamics simulations. At present, 3D CFD have demonstrated to provide stable and accurate modeling capabilities without any further need of the simplified assumptions that were originally needed by 1D schemes [19] . Performances of CFD now have a significant track record [20] [21] [22] [23] [24] [25] with several tests found in the literature specifically with regard to spatially rapidly varied flow conditions with vertical component [26] [27] [28] . CFD models simulate effectively fluvial settings characterized by high hydrodynamic complexity [29, 30] . For instance, Baranya et al. [31] used CFD for simulating confluences of two medium-sized Hungarian rivers through a 3D Reynolds-averaged Navier-Stokes (RANS) model.
The simulation of floods in meandering channel using CFD models is of actual scientific interest [21, 32] . In fact, given the complexity of the flow field in meandering bends, 3D CFD models are required to correctly predict the secondary flows [22] . Several research works dealt with the need to model the distribution of the main flow, the magnitude of the secondary flow, the direction of the bed shear stress and the curvature induced additional energy losses in high curvature bends (e.g., Blanckaert and de Vriend [23] ). Riley and Rhoads [33] investigated the flow structure where complex natural and artificial singularities impact the flow (i.e., at confluences and bifurcations). Eddy-resolving numerical models are used to investigate the flow processes, which include secondary flow, large scale coherent turbulence structures, shear layers and flow separation at the convex inner bank [34] . Many authors studied the three-dimensional processes in curved open channels through the eddy-resolving methods to solve the large scales of the turbulent motion [35, 36] . Koken et al. [37] and van Balen et al. [38] investigated sharply curved open channel flows with a flat-bed through eddy-resolving numerical simulations. Since the irregularity of flood flow patterns in sharp bends characterizes most river reaches, the range of validity of the simplified assumptions of 1D and 2D models is a relevant issue, as investigated by Zeng et al. [39] and Blanckaert and de Vriend [40] , who review the existing numerical models for meandering rivers with particular emphasis on the effect of secondary flows.
The Geomorphologic Characterization of a River Channel
As mild and sharp river bends are characterized by substantially different hydrodynamic processes, it is important to properly describe the velocity field in these two scenarios. Indeed, when dealing with mildly curved bends, the velocity redistribution is negligible, while it becomes a dominant process in sharply curved bends [41] . This is a relevant finding especially when dealing with meander models. In fact, the hydrodynamic component plays a relevant role in describing the flow field and the shear stresses close to both the riverbed and the bank, as it is the driver of the migrating bars and banks, respectively. Fluvial channel migration is also caused by local flow structure and dynamics, with particular regard to flow deflection due to material accumulated on the inside bend. The fluvial buffer morphologic evolution is governed by these factors, as well as the potential bank instability in flooding conditions, given the development of high velocities and turbulence kinetic energy near the bank toe of sharp bends. This paper presents a fully 3D model of the flow field in a river channel characterized by different bending, ranging from mild to sharp. As found by [40] , the mechanisms that drive the velocity redistribution in meandering channels depend on the river's roughness, flow depth (H), radius curvature (R), width (B) and bathymetric variations. As a matter of fact, the identification of the curvature type (i.e., weak, moderate, and strong) is based on the ratios R/H and R/B or on the turbulent Dean number [23, 42] , while the ratio B/H distinguishes shallow natural rivers from narrow laboratory water channels [40] .
Many authors dealt with meandering channels using the aforementioned ratios. For instance, Engel and Rhoads [43] evaluated the meanders evolution throughout the time with several campaigns on a specific river, characterizing the bends with the ratios R/B and H/B. Ottevanger et al. [41] examined a wide range of topographic configurations (e.g., mildly to sharply curved bends, narrow to shallow bends) confirming that the topography drives the flow redistribution and, specifically, the secondary flow.
The close relationship between the geomorphological characteristics of the downstream valley and the generation of the secondary flow is here investigated by means of the R/B, B/H and R/H ratios that parameterize the meander hydrodynamics together with the curvature radius, the top width channel and the flow depth.
Moreover, in this paper, the sinuosity of the river is also considered as an important geomorphic parameter and is expressed by the sinuosity index (SI), which measures the deviation of a line from the shortest path [44] .
The indexes SI, R/B, B/H and R/H are calculated using a geographic information system (GIS) analysis to quantitatively characterize the river curvature type, distinguishing sharp and mild bends from rectilinear reaches.
The aim of this work is to assess potential limitations and range of application of fully 3D CFD simulations for hydraulic flows in complex geometries. Specifically, the flow characteristics in a narrow bending valley after the sudden collapse of a dam are analyzed.
The paper is organized as follows. In the following section, we describe the test case study, and pre-event condition is provided by a historical 1:20,000 map. Then, the theoretical and numerical specifications of the 3D numerical model are presented. We compare water depth and arrival time obtained through the 3D numerical model with fields and laboratory data. The geometric and morphodynamic indexes are analyzed to evaluate the relation between river channel curvature and hydraulic model performance.
Test Site: The Malpasset Dam in the Reyran River Valley (FR)
The Malpasset dam was an arch dam built in the period from 1952 to 1954 in the Reyran River Valley, about 12 km upstream of the Frejus, located in the Cote d'Azur area, southern France. It was a doubly curved arch dam with equal angle and variable radius, originally built to supply water to the region and for flood risk management to reduce potential inundation risk in the Reyran River. Downstream of the dam, the valley has two narrow bends that widen before narrowing again. A map of the region with terrain elevation is shown in Figure 1 .
In 1959, the dam failed explosively and gave rise to a 40 m high flooding wave. Such a wave reached the Frejus gulf about 21 min after the dam break. The release of about 50 millions m 3 of water in the 12 km long river valley down to the town of Frejus killed 421 people and produced close to $70 million in damage [45] . Only a small portion of the arch of the dam still remains in its original position. Several investigations were conducted in the aftermath to understand the cause of the failure. The reports state that the involved engineers did not correctly evaluate the exceptional rainfall that occurred. Moreover, the lack of accurate geological survey information impacted a safe dam design.
Significant field data are available for the Malpasset dam break test case. In fact, the flood wave arrival times are available, as the three hydroelectric plants along the Reyran River were turned off by the flood impact. The maximum water depth values are available because they were registered by the police after the flood event. Moreover, the National Hydraulic and Environment Laboratory of Electricité de France (EDF) built a 1:400 physical scale model of the case study [8] , simulating the flood wave and measuring both water depth and arrival time values in specific points. These field and laboratory data are here used to verify the performance of the 3D hydraulic simulation. Specifically, the focus is drawn on the efficiency and the accuracy of such detailed model to simulate unsteady complex flood flows within real domains characterized by a very complex geometry. 
Methodology: The Three-Dimensional CFD Model
The three-dimensional simulation of free-surface hydraulic flows is here performed through the Volume of Fluid (VOF) method [47] [48] [49] implementing a numerical solution for the incompressible flow of two immiscible fluids (i.e., air and water), tracking the interface between them [50] . According to this methodology, a single set of mass and momentum conservation equations for incompressible flows is solved for both phases (i.e., air and water). The interface between water and air is tracked through the water volume fraction γ. Given an infinitesimal control volume within the domain, the value of γ is null if the volume is entirely occupied by air, while it equals 1 either when the volume is entirely occupied by water or when the volume contains the interface between water and air. The resulting mathematical model consists of the following mass and momentum conservation equations (i.e., Navier-Stokes equations):
and the transport equation for the fraction fill function:
where u is the velocity vector, p is the pressure, ρ is the fluid mass density, μ is the dynamic viscosity, and wr is the relative velocity between the two phases. The term Significant field data are available for the Malpasset dam break test case. In fact, the flood wave arrival times are available, as the three hydroelectric plants along the Reyran River were turned off by the flood impact. The maximum water depth values are available because they were registered by the police after the flood event. Moreover, the National Hydraulic and Environment Laboratory of Electricité de France (EDF) built a 1:400 physical scale model of the case study [8] , simulating the flood wave and measuring both water depth and arrival time values in specific points. These field and laboratory data are here used to verify the performance of the 3D hydraulic simulation. Specifically, the focus is drawn on the efficiency and the accuracy of such detailed model to simulate unsteady complex flood flows within real domains characterized by a very complex geometry.
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where u is the velocity vector, p is the pressure, ρ is the fluid mass density, µ is the dynamic viscosity, and w r is the relative velocity between the two phases. The term ∇ · [(µ + µ t ) S], where S is the strain rate tensor and µ t is the turbulent eddy viscosity, derives from the application of the k-ε eddy viscosity turbulence model [51] . Such a model represents the turbulence problem through two variables, the turbulent kinetic energy, k, and the turbulent dissipation rate, ε. The turbulent eddy viscosity is then calculated as
where c µ is a constant parameter and f µ is a damping function. The values of k and ε are then governed by advection diffusion equations, as explained in detail in [52] .
It is interesting to note that, although the flow is assumed to be incompressible, the fluid mass density varies in time as the phase fractions of the infinitesimal volumes containing the free surface change in time:
where ρ w and ρ a are the constant fluid mass densities of water and air, respectively. Concerning the free surface tracking, the transport equation (Equation (3)) contains an additional convective term, which is used to reduce the diffusion of the interface [53] providing a sharper interface resolution.
The numerical resolution of the system of Equations (1)-(4) is performed through the finite volume technique in the framework of the open source CFD package OpenFOAM [54] . The spatial domain is discretized through the Gauss linear procedure and the Pressure Implicit with Split Operators (PISO) algorithm is the pressure-velocity calculation procedure used to solve the Navier-Stokes equations [55] . Furthermore, we employ the Multidimensional Universal Limiter with Explicit Solution (MULES) to solve the Equation (3). The employed three-dimensional model has been extensively validated in previous studies against analytical and laboratory data [56] [57] [58] .
In the following, the 3D mesh generation to build the hydraulic 3D model is presented.
Domain Geometry: Digital Terrain Model
The creation of the computational mesh is performed through the following steps: (a) construction of the terrain model from elevation points; (b) creation of the computational domain limits and of a coarse mesh; and (c) mesh-terrain surface intersection and local mesh refinement and snapping.
The Reyran River valley morphology changed significantly because of the flood wave originated by the dam collapse. The computational mesh in pre-event conditions has been constructed by using the information available in a historical 1:20,000 map, dated 1931, provided by the Institut Geographique National (IGN) and later digitized by EDF [9] . The bounding box of the domain of interest is 17,500 m wide and 10,000 m high. The topographic elevation ranges from 0 m to 100 m above sea level, the latter being the upstream boundary condition corresponding to the initial reservoir water level. The digital representation of the domain is developed using 13,541 points of known coordinates. The valley geometry, provided by EDF [46, 59] , is a non-structured grid of 13,000 points reported in Figure 1 .
The characteristics of the final mesh ( Figure 2 ) are reported in Table 1 . No-slip boundary conditions are imposed at the walls and free slip at the atmosphere boundary, located for the present simulations at 140 m.a.s.l. Following the information provided by EDF, and consistently with the reference system of the map, the dam is considered as a straight line between the points of coordinates (4701, 4143) and (4655, 4392). As initial boundary condition, the water level upstream of the dam is set to 100 m and the 
Results and Discussion
The 3D model results are compared with observed data and with results obtained using a scale model built in the National Hydraulic and Environment Laboratory of EDF in 1964 [8, 46] . Results are analyzed in relation to the geomorphological characteristics of the main channel to understand the relationship between the narrow bending meanders of the river and the simulation performances in modeling the irregular rapidly varying flood wave.
Numerical Simulation: Comparison with Field and Laboratory Data
The flow is initialized with both phases at rest and the pressure field in accordance to the hydrostatic profile. A transient 3D fluid dynamics simulation, starting from the collapse of the dam, is performed in the whole domain depicted in Figure 1 .
The propagation time of the wave front is assumed to be synchronous with the Shutdown Times (STs) of the Electrical Transformers (ETs) of three hydroelectric plants placed along the river, downstream of the barrage, hereafter indicated as A, B and C (Figure 1 ). The wave arrival time (ATobs) can be assumed to be the ST of the transformer A, which was located just downstream of the dam. For the other two transformers, B and C, the ST can be assumed to be between the wave arrival time and the time of peak water level. Table 2 summarizes the available data of the flood wave arrival times (ATobs), including the position of the three ETs. The distance from each ET and the following one on the centerline is named Δs; the flood velocity (v) is calculated as the ratio between Δs and ΔT, ΔT being the interarrival time of the flood wave at two ETs.
The flood wave arrival time at each transformer obtained with the 3D model is compared with the observations ( Table 2) . Concerning the analysis of the flood wave ATs at the three ETs, it is interesting to note that the 3D simulation results match the surveyed data, especially at ETs A and C, while, at ET B, the error between observed and simulated AT also affects the flood wave velocity estimation.
The maximum water levels reached by the dam break flood was observed and recorded by local police in nearly 100 points along the right and the left side of the Reyran River Valley [59] . The 
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Numerical Simulation: Comparison with Field and Laboratory Data
The propagation time of the wave front is assumed to be synchronous with the Shutdown Times (STs) of the Electrical Transformers (ETs) of three hydroelectric plants placed along the river, downstream of the barrage, hereafter indicated as A, B and C (Figure 1 ). The wave arrival time (AT obs ) can be assumed to be the ST of the transformer A, which was located just downstream of the dam. For the other two transformers, B and C, the ST can be assumed to be between the wave arrival time and the time of peak water level. Table 2 summarizes the available data of the flood wave arrival times (AT obs ), including the position of the three ETs. The distance from each ET and the following one on the centerline is named ∆s; the flood velocity (v) is calculated as the ratio between ∆s and ∆T, ∆T being the interarrival time of the flood wave at two ETs. The flood wave arrival time at each transformer obtained with the 3D model is compared with the observations (Table 2) . Concerning the analysis of the flood wave ATs at the three ETs, it is interesting to note that the 3D simulation results match the surveyed data, especially at ETs A and C, while, at ET B, the error between observed and simulated AT also affects the flood wave velocity estimation.
The maximum water levels reached by the dam break flood was observed and recorded by local police in nearly 100 points along the right and the left side of the Reyran River Valley [59] . The uncertainty of such water elevation field data is not available. The validation of the 3D numerical simulation is performed in 17 points, hereafter denoted as P1-P17. The position of these points is indicated in Figure 1 , while their coordinates are reported in Table 3 .
The maximum water levels predicted by the 3D model (WS-3D) at gauge points P1-P17 is compared with the in situ surveys (WS obs ; Table 3 ). The difference between 3D model results and the field data measured by the local police after the dam failure is always less than 5%, except for points P5, P10, P16 and P17, where it ranges from 7% to 10%. Table 2 . Comparison of the arrival times at the three Electrical Transformers (ETs), the observed wave arrival time (AT obs ), the distance between each transformer and the following one (∆s), the mean velocity of the flood wave between transformers sections (v), the mean value of flow arrival times at each transformer computed through 3D model (AT 3D ), and the mean velocity of the flood wave simulated by the 3D model (v 3D ). If we refer to point P2, the maximum water stage elevation computed with the 3D model (WS-3D) is very close to the one measured by the police after the event (WS obs ). Indeed, the difference between observed and simulated value equals 0.37 m. Figure 3 shows the flood hydrograph predicted by the 3D model at points P1 and P2. It represents the water surface elevation as a function of time. It is interesting to note that the maximum value predicted by the model is very close to that surveyed by the police after the dam break.
ET
A non-distorted 1:400 scale model of the Malpasset dam and the related river valley was built in the National Hydraulic and Environment Laboratory of EDF in 1964 [8, 46] . The maximum free surface elevation and the wave arrival time values were measured at fourteen points. Five of these gauge points were located in the dam reservoir. Table 4 summarizes the information regarding the physical model, including the location of the gauges and the corresponding experimental measurements of wave arrival times (AT lab ) and water surface levels (WS lab ). The 3D numerical model results are compared with experimental data obtained with the scale model in fourteen points, named Gi and indicated in Figure 1 . In absence of further observed water surface elevation, the values obtained in the laboratory model are considered as truth for the comparison. The water surface elevation and the wave arrival times in points G6-G14 obtained through the proposed three-dimensional model (WS-3D) are compared with laboratory measurements in Table 4 and Figure 4 . Table 4 . Arrival time (AT) and water surface (WS) results from the in-scale model (AT lab , WS lab ) [8, 46] and from the present 3D computational results (AT 3D , WS-3D). The errors between laboratory data and 3D model results are AT err , WS err . The potentiality of a 3D analysis is the possibility of investigating details that could not be caught with other means. Figure 5 shows the wave propagation in the Reyran valley at different time instants after the collapse of the dam and clearly shows the opportunity of obtaining a detailed picture of the flood event evolution. At 200 s after the dam collapse, the flood wave has already overtopped the yard of the A8 highway, where, according to the event record, the first fatality took place. The flood wave has propagated towards the valley and reached Frejus about 21 min after the rupture of the dam (see the flooded area at 1000 s and 1500 s). The simulation results are also consistent with the damage reported during the flood, when 3 km of the mainline rail west were destroyed between 1500 s and 2000 s after the dam collapse. Such a three-dimensional representation of the flood wave propagation clearly indicates that 3D models could be used to predict the damage over the flooded area of such a catastrophic event and for detailed flood mapping, which would be crucial for hydrogeological risk analysis and mitigation, as long as the validity of the numerical modeling has been proven. The potentiality of a 3D analysis is the possibility of investigating details that could not be caught with other means. Figure 5 shows the wave propagation in the Reyran valley at different time instants after the collapse of the dam and clearly shows the opportunity of obtaining a detailed picture of the flood event evolution. At 200 s after the dam collapse, the flood wave has already overtopped the yard of the A8 highway, where, according to the event record, the first fatality took place. The flood wave has propagated towards the valley and reached Frejus about 21 min after the rupture of the dam (see the flooded area at 1000 s and 1500 s). The simulation results are also consistent with the damage reported during the flood, when 3 km of the mainline rail west were destroyed between 1500 s and 2000 s after the dam collapse. Such a three-dimensional representation of the flood wave propagation clearly indicates that 3D models could be used to predict the damage over the flooded area of such a catastrophic event and for detailed flood mapping, which would be crucial for hydrogeological risk analysis and mitigation, as long as the validity of the numerical modeling has been proven. consistent with the damage reported during the flood, when 3 km of the mainline rail west were destroyed between 1500 s and 2000 s after the dam collapse. Such a three-dimensional representation of the flood wave propagation clearly indicates that 3D models could be used to predict the damage over the flooded area of such a catastrophic event and for detailed flood mapping, which would be crucial for hydrogeological risk analysis and mitigation, as long as the validity of the numerical modeling has been proven. 
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Morphodynamic Analysis
Since non-linear hydrodynamics play a dominant role in sharp bends, a misrepresentation of the meander curvature leads to an inaccurate estimation of the flow [40] . In fact, in sharp bends, a relevant differential flow distribution over the river section occurs, such that the main flow momentum is advected from the low velocity area (i.e., inside bend) to the high velocity one (i.e., outside bend). Consequently, the water level is largely influenced by bends. Therefore, a correct prediction of the flow field in sharp bends is crucial to correctly predict the migration of meandering channels. As for the Malpasset case study, the differential advection produces secondary flows such that the magnitude and the direction of the bed shear stress are significantly different from those predicted by simplified models. This phenomenon is relevant when considering matter transportation and morphodynamic evolution of the river-bed. As highlighted by Ottevanger et al. [41] , meandering models based on weak-curvature variations assumption fail in representing the secondary flow resulting in inaccurate prediction of the channel migration. As a matter of fact, the necessity to improve the model in sharp bends has led to the introduction of numerical corrections in 2D models, as negative eddy viscosities.
To characterize the meander bending properties in relation to the potential flow irregularities, the sinuosity index (SI) and the geometric indexes R/B, B/H and R/H, are presented.
The SI is the ratio between the length of the actual river segment length and the linear distance between two nodes [44] . River segments are referred as straight, if the sinuosity index is less the 1.1, winding, for SI between 1.1 and 1.5, and meandering, for SI greater than 1.5 [60] . In this paper, river segments with SI greater than 1.3 are analyzed (i.e., where SI reflects the significant presence of irregular and secondary flows) to evaluate the performance of the proposed 3D model. In particular, we recall that we compare 3D model results with field data and with experimental results obtained from a 1:400 scale physical model of the Malpasset dam [8] .
A further geometric characterization is introduced for describing the major morphologic control parameters of river hydrodynamics in sharp meander bends through the curvature radius (R), the channel width (B), the maximum water height (H) and the related ratios R/B and B/H and R/H [40] .
The stream centerline is subdivided into segments with a length of 150 m, for which SI and R values are estimated.
In Figure 6a , the sinuosity index is shown against the Reyran River channel, downstream of the Malpasset dam in pre-failure condition. The frequency of SI is binned in five classes, as shown in Figure 6b , corresponding to straight (SI < 1.1), winding (1.1 < SI < 1.5) and meandering (SI > 1.5) channel.
In Figure 6a , the sinuosity index is shown against the Reyran River channel, downstream of the Malpasset dam in pre-failure condition. The frequency of SI is binned in five classes, as shown in Figure 6b , corresponding to straight (SI < 1.1), winding (1.1 < SI < 1.5) and meandering (SI > 1.5) channel. The analysis of model results are therefore performed relating water surface elevation to the geomorphic characteristics of the channel. It is interesting to observe that in those points characterized by SI value higher than 1.3 (winding and meandering reaches), the WS predicted by the 3D model is also in agreement with the field data (i.e., points P2, P7, P8 and P13; see Table 3 ).
To better understand the flow field characteristics in relation to the geomorphological properties, we consider different reaches of the Reyran River, which can be considered meandering (points P2 and G12), winding (point P8) or almost rectilinear (point G11).
The hydrodynamic process in a sharply curved meander is investigated referring to the bend in which point P2 is located. Seven cross sections are selected to analyze the bend, as shown in Figure 7a . Figure 7b shows the hydrograph predicted by the 3D model on the two sides of the same river cross section (P2-O2). It is interesting to note that, at the same instant, the hydrograph observed in point O2 on the right bank is significantly different from the hydrograph in point P2 on the left bank. This is due to the presence of secondary flows that cause a different elevation of the water surface on the two sides of the river cross section characterized by a sharp bend. Figure 7c shows the water elevation simulated by the 3D model at the river cross section O2-P2 (i.e., cross section 3 in Figure 7a ) at different time instants after the dam break (i.e., T = 0 s, 50 s, 100 s, 150 s, and 200 s). It is worth noting that the water surface dynamics is particularly complex. The water surface elevation varies significantly in space, along the cross section, and in time. This is due to the presence of secondary flows that cause a different elevation of the water surface on the two sides of the river cross section characterized by a sharp bend. Figure 7c shows the water elevation simulated by the 3D model at the river cross section O2-P2 (i.e., cross section 3 in Figure 7a ) at different time instants after the dam break (i.e., T = 0 s, 50 s, 100 s, 150 s, and 200 s). It is worth noting that the water surface dynamics is particularly complex. The water surface elevation varies significantly in space, along the cross section, and in time. The high performance of the 3D model, especially in sharp bends, is further confirmed by the results obtained by the flow simulation in the scale model of the Malpasset dam, as shown in Table 4 . In fact, the differences between present 3D model and laboratory results at points G9 and G12, characterized by a high sinuosity index (see Figure 6a ), are below 10% and below 1%, respectively.
As for point P2, the water surface elevation at different time instants after the dam break is represented also at the cross section where point P8 is located, as shown in Figure 8 . It is worth noting the variation of the water depth along the section in the observation period. However, the phenomenon in P8 is less emphasized than in P2, as it is evident by comparing Figures 7c and 8 . This is due to the fact that in P2 the bend is sharper than in P8, as evident from the SI values calculated in the two points and reported in Figure 6a . Consequently, the water super elevation in the outer bank is more relevant in section O2-P2 than in the one in which P8 is located.
The dependence between the geomorphological characteristics of the valley and the presence of secondary flows is also investigated through the R/B and B/H and R/H ratios. Table 5 reports such geometric characteristics for all the points Pi and Gi. Points characterized by value of R/B of order 1 (i.e., ∼ =1), a low value of R/H and a narrow cross section (i.e., B/H of order 10) are located in sharp meander bends (e.g., P2, P7, and G9), while where R/B >> 1 and R/H are high, the meander can be considered mild tending to rectilinear (e.g., G11, G14, and P16).
The dependence between the geomorphological characteristics of the valley and the presence of secondary flows is also investigated through the R/B and B/H and R/H ratios. Table 5 reports such geometric characteristics for all the points Pi and Gi. Points characterized by value of R/B of order 1 (i.e., ≅1), a low value of R/H and a narrow cross section (i.e., B/H of order 10) are located in sharp meander bends (e.g., P2, P7, and G9), while where R/B >> 1 and R/H are high, the meander can be considered mild tending to rectilinear (e.g., G11, G14, and P16). It is interesting to note that the ratio B/H is characterized by values ranging from 10 and 40. It reveals that the Malpasset river channel is characterized by an intermediate behavior: indeed, according to [40] , if B/H < 10, the channel can be considered narrow, while, if B/H > 50, the channel is shallow. Figure 9 shows the variation of B and H values in the seven cross sections in the proximity of point P2 shown in Figure 7a . It is worth noting that the cross sections from 1 to 6 (Figure 7a ) are characterized by a ratio B/H ranging from 16 to 40. It reveals that the channel has an intermediate behavior. On the other hand, the last cross section (i.e., number 7, Figure 7a ) is a narrow one since the ratio B/H is about 9. Figure 10 depicts the velocity flow field in the proximity of point P2, at T = 100, 150 and 300 s after the dam break. It shows the presence of secondary vortexes downstream of the shrinkage due to the dam that cannot be predicted by simplified shallow water models.
characterized by a ratio B/H ranging from 16 to 40. It reveals that the channel has an intermediate behavior. On the other hand, the last cross section (i.e., number 7, Figure 7a ) is a narrow one since the ratio B/H is about 9. Figure 10 depicts the velocity flow field in the proximity of point P2, at T = 100, 150 and 300 s after the dam break. It shows the presence of secondary vortexes downstream of the shrinkage due to the dam that cannot be predicted by simplified shallow water models. characterized by a ratio B/H ranging from 16 to 40. It reveals that the channel has an intermediate behavior.
On the other hand, the last cross section (i.e., number 7, Figure 7a ) is a narrow one since the ratio B/H is about 9. Figure 10 depicts the velocity flow field in the proximity of point P2, at T = 100, 150 and 300 s after the dam break. It shows the presence of secondary vortexes downstream of the shrinkage due to the dam that cannot be predicted by simplified shallow water models. Figure 11 shows the flow field, in terms of velocity vectors and water surface elevation, at T = 1200 s after the dam break upstream of G12 where the SI ≈ 1.5. This figure, especially the details enlarged in the two boxes, clearly shows the complex nature of the flow underlying the presence of secondary vortexes. Moreover, as an example, the free surface and the velocity magnitude at the river cross section in which lies point G12 is shown.
Finally, the flow field in low sinuosity reaches is here presented considering the reach containing the cross section through the G11 point.
G11 is characterized by a high value of R/B and a low SI; therefore, the corresponding reach is almost rectilinear. Figure 12 shows the free surface evolution and the water surface elevation as a function of time in the cross section G11-O11: the point G11 lies on the right bank while O11 is the correspondent point on the left bank. In this case, the water surface is almost horizontal (Figure 12a ) and the difference between the water surface elevation in the left and the right bank is small (Figure 12b ). acceleration is negligible respect to the ones in the horizontal plane: flow fields can also be described adequately with simplified models. The water stage values in almost rectilinear reaches could even be predicted by a 1D model, as observed by Howard [7] and by Di Francesco et al. [61] . The former authors defined a criterion to identify the appropriate hydraulic model accordingly to the characteristics of the river channel.
The presented geomorphological analyses could be a preliminary tool to choose the hydraulic model to be used in water surface and velocity fields simulation.
Though all computations here presented are based on a fully 3D model, the evaluation of the above-mentioned geomorphological indexes could help to identify river channel characteristics and select reaches where low order hydraulic model can be used. 
Conclusions
This study focuses on the analysis of the flow in bends with varying curvature radius. The proper description of the flow is crucial in meandering modeling, as an incorrect prediction of the secondary flow leads to a misrepresentation of the flow. To this end, a fully CFD model is used to describe flood wave propagation in a meandering river channel. This paper analyzes the performance of the three-dimensional model as an accurate knowledge of the hydrodynamic For R/B >> 1, as in the case of section G1-O11, the vertical component of velocity and acceleration is negligible respect to the ones in the horizontal plane: flow fields can also be described adequately with simplified models. The water stage values in almost rectilinear reaches could even be predicted by a 1D model, as observed by Howard [7] and by Di Francesco et al. [61] . The former authors defined a criterion to identify the appropriate hydraulic model accordingly to the characteristics of the river channel.
Though all computations here presented are based on a fully 3D model, the evaluation of the above-mentioned geomorphological indexes could help to identify river channel characteristics and select reaches where low order hydraulic model can be used.
This study focuses on the analysis of the flow in bends with varying curvature radius. The proper description of the flow is crucial in meandering modeling, as an incorrect prediction of the secondary flow leads to a misrepresentation of the flow. To this end, a fully CFD model is used to describe flood wave propagation in a meandering river channel. This paper analyzes the performance of the three-dimensional model as an accurate knowledge of the hydrodynamic behavior of the current, especially in flood prone areas, which is crucial for an improved design of hydraulic works for the protection of the territory.
The use of a 3D model is required by the complex flow process that characterizes the meandering river channel. Indeed, in highly curved bends, the flow is dominated by a secondary current that generates a velocity redistribution and a water super elevation in the outer bank. The mechanisms that drive the velocity redistribution in meandering channels depend on the river's roughness, flow depth (H), radius curvature (R), width (B) and bathymetric variations. Therefore, to take into account river hydrodynamics and channel characteristics, the study further implements dimensionless geometric parameters: the ratios R/B, B/H, and R/H, and the sinuosity index.
Results highlight that the 3D model is well suited to deal with sharp curvature bends, where the vertical components of acceleration and velocity are significant. Indeed, the flow pattern in river bends is known to be fairly complex, as the fluid particles do not move parallel to the channel axis, but follow a helical path. Such helical flow can be considered as a superposition of a parallel main flow and a secondary recirculation.
The presented performance of the selected model, benchmarked using field and laboratory observations, paves the way to the potential optimal use of 3D CFD models for flood routing simulations. Where the meander is sharply bending, in those reaches characterized by values of R/B of order 1 (i.e., ∼ =1), a low value of R/H and a narrow cross section (i.e., B/H of order 10), relevant secondary flows usually occur, and the presented 3D CFD model provides optimal performance in the simulation of the hydrodynamic behavior of the inundation routing process and water surface geometry. On the other hand, where R/B >> 1 and R/H are high, such that the meander can be considered mild tending to rectilinear, simplified 2D or even 1D numerical models could provide acceptable flow predictions.
Given that the computational and data burden still impact the efficiency of such experimental complex algorithms, a further development of this study could be the identification of a criterion to define how to couple 2D and 3D hydraulic models in order to make more efficient numerical simulations.
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